Abstract The measurement of joint motion is common practice in many aspects of orthopaedic surgery. A number of techniques and instruments have been developed for this purpose. We describe a method of recording and measuring knee joint motion using digital imaging which demonstrated high inter-observer reliability (r>0.948) and intra-observer repeatability (r>0.906). This technique may offer some practical advantages over other methods of measuring joint motion.
Introduction
Goniometry is defined as the use of instruments to measure joint motion. A variety of instruments and techniques have been developed for measuring joint motion, each with their advantages and limitations [8] . Range of knee joint motion is generally assessed either visually or with a hand-held goniometer. Plain radiographs have been used to measure preoperative and postoperative knee flexion in research studies [8] , whilst computer-assisted navigation has been recently used to analyse range of knee motion during surgery [1] . Employing the same technique to measure range of motion between different time-points rather than a variety of techniques has been advised [8] .
Digital imaging has rapidly evolved from the first indepth trials [4] to provide an efficient means of data documentation [14] . Surgical specialties such as urology [13] , vascular surgery [22] , plastic and reconstructive surgery [10] , orthodontics [12] , and neurosurgery [17] have all reported the use of digital imaging in patient care. The practice of digital imaging to record and document patient conditions has become more common in orthopaedic practice [19] . However, the use of digital image analysis to quantify range of joint motion has not previously been reported. We describe a reliable and repeatable method of measuring range of knee motion using digital imaging. The advantages and disadvantages of this method to measure knee joint motion in relation to other techniques are discussed.
Joint movement is generally reduced to a description of relative motion between two rigid members attached at a joint. Various models have been used to describe knee joint motion including one, two, three, and six degrees of freedom models [5] . Knee joint motion measured using goniometery is dependent on accurate alignment of the arms of the device between bony landmarks such as the lateral epicondyle, greater trochanter, and lateral malleolus. The goniometer is centred on the lateral epicondyle and pointed towards the greater trochanter and lateral epicondyle, with the knee considered as a hinge joint with one degree of freedom. This study presents a three degrees of freedom model to measure knee motion in the sagittal plane using two-dimensional digital images.
Patients and methods

Reliability and repeatability testing
Following local ethical committee approval, ten patients (seven females, three males) presenting to the senior author for knee replacement surgery were recruited for this part of the study. The subject was placed on a bed 80 cm above floor level with their lower limb positioned parallel to the edge of the bed. A digital camera (Finepix 2400, Fuji, Tokyo, Japan) mounted on a tripod 125 cm above floor level was positioned 120 cm from the subject's limb (Fig. 1) . The camera and tripod were positioned and maintained at 90 degrees to the long axis of the bed. The set-up protocol was standardised for all images taken using the ten subjects.
Digital images were recorded for each subject with the limb in four positions-active extension, passive maximum extension, active flexion, and passive maximum flexion (Fig. 2) . Angular measurements were made to the nearest degree using image analysis software (Rhinoceros, Seattle, WA, USA) based on superimposed lines parallel to the anterior thigh and anterior tibia (Fig. 3) .
For the purpose of determining inter-observer reliability, two observers from different disciplines (a physiotherapist and an orthopaedic registrar) independently measured each of the 40 images. Both observers were given the same sheet of instructions outlining in detail the method for measuring the digital images. Inter-observer reliability was evaluated using Pearson product-moment correlation coefficients.
In order to assess repeatability, the four sets of digital images for the ten subjects were measured by a single observer on three different occasions with the observer being blinded to the results obtained from the previous measurements. Repeatability was evaluated using analysis of variance (ANOVA) and intra-class correlation coefficients (ICC).
Accuracy testing
In this part of the study, the effect of camera or limb malpositioning was investigated. A prosthetic limb (Fig. 4 ) was positioned first in almost full extension and then in flexion. A digital image was taken in each position using the set-up as described above and the knee angle measured to provide a baseline measurement. The reference measurements for each position were 16 and 95 degrees of flexion, respectively. 
Results
Reliability and repeatability testing
Testing revealed a mean difference between measurements of the two independent observers of 1.8 degrees (range 0-5 degrees). These mean differences ranged from 1.1 degrees for active extension to 2.4 degrees for passive extension ( Table 1 ). The Pearson product-moment correlation coefficient for each of the knee positions examined was at least 0.948, implying a high degree of agreement between the measurements of the two observers (Table 1) . Intraobserver repeatability testing revealed intra-class correlation coefficients (ICC) of at least 0.906 for all knee positions ( Table 2 ). The standard deviation of error of the measurements was between 0.9 and 1.9 degrees ( Table 2 ). The mean difference in measurements by the single observer over three assessments was 1.3 degrees, ranging from 1.0 degrees for active flexion to 2.0 degrees for active extension (Table 2) . For all the parameters measured, the measurement error variation was very small compared to the variation in the absolute measures of these parameters.
Accuracy testing
The results of the accuracy tests are summarised in Table 3 .
For both flexion and extension, camera mal-positioning of 15 degrees rotation produced 3 degrees or less of error. Camera mal-positioning of 30 degrees rotation produced an error of 2 degrees or less with the knee in extension and an error of 14 degrees or less with the knee in flexion. Camera mal-positioning of 45 degrees rotation produced an error of 8 degrees or less with the knee in extension and an error of 28 degrees or less in flexion (Table 3) .
Discussion
The measurement of joint motion is an important parameter in clinical practice and is a useful measure of outcome following either surgical intervention or a period of physical therapy. A variety of instruments have been developed for measuring joint motion, but that which is most commonly used is the hand-held goniometer, which has been employed since the early 1900s [15, 18] . The hand-held goniometer relies on the identification of bony anatomical landmarks to act as reference points, for example, the greater trochanter, the lateral femoral epicondyle, and the lateral malleolus. Goniometric measurements are usually made by placing the axis of the goniometer at the epicondylar mark with the arms pointing towards the greater trochanter and the lateral malleolus. The arc of motion is then measured directly from the protractor of the goniometer. In some studies, bony landmarks are not used and the mid-line or long axis of the thigh and tibia are simply visualised for alignment [2] . Despite the simplicity and minimal cost, the accuracy of knee measurements obtained using a hand-held goniometer is dependent on the accurate alignment of the arms of the device between bony landmarks, which are often visualised rather than marked [8] . Palpation of bony landmarks around the hip and knee regions can prove difficult in obese patients. Furthermore, movement of the overlying skin may alter the position of the bony landmark. For example, when moving from extension to flexion there is significant movement of the skin over the greater trochcanter as is shown in Fig. 5 . Thus, re-palpation of the bony landmarks and re-positioning of the goniometer between the extended and flexed positions are important in order to minimise measurement error. Both goniometer alignment and landmark identification have been shown to contribute to measurement error in previous studies [9] .
Traditionally, knee range of motion measured using a goniometer uses the landmarks of knee joint centre, greater trochanter, and lateral malleolus and employs a simple hinge joint model with one degree of freedom. This study considered the knee as a plantar joint with motion taking place between parallel sagittal planes and comprising three degrees of freedom (rotation and translation) [5] . Although knee joint motion involves interaction between the tibia, femur, patella and fibula, this study considered only motion at the tibio-femoral joint. We considered only two dimensional images and motion in the sagittal plane in this study and thus a plantar joint model with three degrees of freedom was used. Only knee motion in the sagittal plane was measured with tibial and femoral rotation, with medial and lateral translational and knee abduction/adduction assumed to be negligible. More accurate measurement of knee joint motion would be possible using six degrees of freedom models which can fully describe the relative motion between two bodies and consider movements in the sagittal, coronal, and transverse planes; they may also account for medial-lateral shift and anterior-posterior draw [5] . However, sophisticated equipment, such as video-based systems, electromagnetic devices or fluoroscopy, would be required for such analysis and these may not be suitable for assessment of patient's knee motion at routine postoperative follow-up.
This study evaluated the use of digital imaging as a method of measuring knee joint motion. The main advantage of this technique is that it does not rely on skin marks placed over bony landmarks, which is particularly a b useful when taking intra-operative measurements, as wound contamination is a potential risk factor with repeated palpation and indeed the close proximity of an unsterile goniometer device. This technique also facilitates measurement by the same investigator at a future date, even if the investigator was absent when the image was taken. Measurements can also be made and rechecked. Serial digital images of a patient's range of motion may facilitate patient education by describing patients' postoperative improvements relative to their preoperative status. Indeed, such images may prove a useful motivational tool for further patient improvement [7] . Digital images may also be used for professional education and presentation purposes.
Inter-observer and intra-observer analysis revealed a high level of reliability and repeatability which is comparable with goniometric studies [3, 8, 11, 16, 21] . Avoiding camera and/or limb malpositioning is, however, important in order to minimise measurement error.
The issue of patient confidentiality and informed consent with respect to the taking and storage of digital images must be considered [14, 20] . In a study by Cheung et al. [6] , 84% of patients surveyed in an emergency department were amenable to a photograph of themselves being used for medical education and 71% to publication in a medical journal [6] . Thus, most patients are agreeable to the use of digital photographs for medical use providing these images are treated in the same manner as medical notes, i.e. strictly private and confidential. In our study, all of the subjects gave informed consent and all of the images were archived in a password protected electronic file system.
The main disadvantage of this technique is that it is relatively time consuming. Access to a digital camera, a computer, and the angle measurement software are also potential drawbacks when compared to the low cost and simplicity of the hand-held goniometer.
In conclusion, we describe a reliable and repeatable method of measuring knee joint motion using digital imaging. This technique has several advantages over the hand-held goniometer and, in particular, is a useful tool for measuring knee motion in the intra-operative setting.
